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Abstract 
Functionalization of the surface support (silica gel, MCM-41 and SBA-15) was achieved by grafting organic aminosilanes by 
direct condensation and hydrolysis methods. The amine modified silicates can chemically bind to acidic CO2 molecules at low 
temperatures, and thus are potentially good candidates for CO2 capturing. To increase the adsorptive capabilities for these 
materials, the surface was tailored using two suitable amine silane linkers, (3-aminopropyl)trimethoxysilane (APTS) and N-[3-
(trimethoxysilyl)propyl]-ethylenediamine (TEPD). The resulted adsorbents were characterized, by physical, elemental analysis, 
and spectroscopic techniques. The adsorption capacity of modified adsorbents was significantly increased after grafting, clearly 
indicates the affirmative impact of amines for CO2 adsorption.  
 
© 2013 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Carbon dioxide emissions have become a major concern as it is one of the contributing factors to the “green-
house” effect. The annual CO2 emission of 7 Giga tons need to be reduced by a factor of two thirds by the end of this 
century in order to mitigate the effect CO2 on the environment [1]. Recently, much effort have been put into 
separating CO2 from flue gases linked to the combustion processes at fixed point sources [2].  
In general there are four main ways to separate CO2 from post-combustion flue streams; purification membrane, 
absorption with liquids, cryogenic distillation and adsorption using solids. Cryogenic distillation is not highly 
favoured due to the high energy costs involved. Purification membrane is not the most suitable approach for CO2 
separation as improvements need to be made in the area of CO2 permeability, selectivity, cost and degradation of 
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performance over times which are brought upon by a variety of factors [3]. The absorption of CO2 by liquid are 
widely established and is the current benchmark in terms of CO2 capture and is practised commercially. This 
technique is based on the fact that the solvent generally containing alkanoamines acting as an absorbent and reacts 
with slightly acidic CO2 to form dissolved carbamates and bicarbamates. The problem associated with this technique 
is that a considerable amount of energy is required to regenerate the solvent [4, 5]. 
Ordered Mesoporous Silica (OMS) materials have recently attracted much attention as solid adsorbents for CO2 
capturing.  An ideal adsorbent for CO2 capture should have combination of several features viz., high adsorption 
capacity, high selectivity toward CO2, fast kinetics, mild conditions for desorption and should be stable under 
operating conditions [6-7] OMSs have been investigated for this purpose owing to their high pore volume, large 
surface area and ease of functionalization [8–11]. The advantage of the solid adsorbents with respect to the liquid 
absorbent lies in the fact that the adsorbent may be regenerated increasing the pressure or by manipulating the 
adsorbent materials structural properties so that it may require much less energy (e.g. temperature) [12]. The 
adsorption capacity of these solids adsorbents could be increased by surface modification. Recently, amine-
functionalized porous solids have been proposed as superior adsorbents for air capture compared to inorganic bases 
and zeolites due to their high adsorption capacities and exceptional selectivities [13,14]. In general there are two 
methods for functionalizing OMSs with amine moieties, namely physical impregnation [15-19] and grafting via 
silane chemistry grafting of aminosilanes onto the surface and inside the pore walls of OMS by grafting the surface 
of the preformed silica by means of silanol groups reactions with an organoalkoxysilane compound supporting the 
active functional group [20-23]. 
In the current work we describe a simple methodology of functionalization of the surface support (silica gel, 
MCM-41 and SBA-15) by grafting organic aminosilanes by direct condensation and hydrolysis methods. The amine 
modified silicates can chemically bind to acidic CO2 molecules at low temperatures, and thus are potentially good 
candidates for CO2 capturing. To increase the adsorptive capabilities for these materials, the surface was tailored 
using two suitable amine silane linkers, viz. (3-aminopropyl)trimethoxysilane (APTS) and N-[3-
(trimethoxysilyl)propyl]ethylenediamine (TEPD). 
 
2. Experimental  
2.1 Synthesis of MCM-41  
280 ml of NH4OH (20 wt%) in 275 ml of distilled water.  To this solution, 3 g of trimethyloctadecylammonium 
bromide was added and stirred until the surfactants dissolved. 10 ml of tetraethyl orthosilicate (TEOS) is then added 
dropwise and solution is stirred for 2 h. The white solid product was filtered and thoroughly washed with distilled 
water until excess ammonia was removed. The template was removed by calcination at 550 ºC in air for 6 h. 
 
2.2 Synthesis of SBA-15  
Pluronic P123 (4 g) dissolved in 125 ml of 2M HCl at 40 oC. The mixture was stirred until the polymer was 
completely dissolved. 8.4 g of tetraethyl orthosilicate was added to the reaction mixture dropwise and the reaction 
was stirred at 40 ºC for 24 h. The gel was then transferred into autoclaves and aged at 90 ºC for 24 hours without 
stirring. Template removal was performed by calcination at 540 oC for 4 h in air.  
 
2.3 Synthesis of mesoporous silica modified with APTS (Scheme 1)  
 2.3.1 Silica gel-APTS 
1 g of silica gel was suspended in 50 ml of dry toluene. To the reaction mixture 4 ml of 3-
(aminopropyl)triethoxysilane (APTS) was added and the reaction was left to stir overnight at 70 ºC under reflux. 
The solid was collected and thoroughly washed with toluene, and the sample was placed in a convection oven and 
dried at 75 ºC. 
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 2.3.2 MCM-41-APTS 
1 g of MCM 41was suspended in 50 ml of dry toluene. To the reaction mixture 2 ml of APTS was added and the 
reaction was left to stir overnight at 70 ºC under reflux. The obtained solid was washed thoroughly with toluene, and 
dried at 75 ºC. 
 
 2.3.3 SBA-15-APTS 
1 g of SBA 15 was suspended in 50 ml of dry toluene. To the reaction mixture 5 ml of APTS was added and the 
reaction was left to stir overnight at 70 ºC under reflux. The solid was washed with toluene and dried at 75 ºC. 
 
2.4 Synthesis of mesoporous silica modified with TPED (Scheme 1) 
 2.4.1 Silica gel-TPED 
1 g of silica gel was suspended in 50 ml of dry toluene. To the reaction mixture 1 ml of N-[3-
(trimethoxysilyl)propyl]ethylenediamine (TPED) was added and the reaction was left to stir overnight at 70 ºC 
under reflux. The white solid was filtered, washed thoroughly with toluene and dried at 75 ºC. 
 
 2.4.2 MCM-41-TPED 
MCM-41 (1 g) was suspended in 50 ml of dry toluene. To the reaction mixture 2 ml of TPED was added and the 
reaction was left to stir overnight at 70 ºC under reflux. The final work-up was the same as for the silica gel to 
obtain MCM-41-TPED. 
 
 2.4.3 SBA-15-TPED 
1 g of SBA 15 was suspended in 50 ml of dry toluene. To the reaction mixture 3 ml of TPED was added and the 
reaction was left to stir overnight at 70 ºC under reflux. The final work-up was the same as for the silica gel to 
obtain SBA-15-TPED. 
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Scheme 1: Synthetic route for the grafted supported materials with APTS and TPED  
 
 
 
3. Results and discussion 
Powder XRD was used to characterize the structure of support materials before and after grafting with APTS and 
TPED.  XRD pattern of the modified MCM-41, as a representative, is shown in Fig. 1, which corresponds to the 
planes indexed as (100), (110), (200), and (210). These plans are characteristics of long range ordered hexagonal 
MCM-41 mesoporous phase structure [24], which is typical of MCM-41 materials. Upon grafting MCM-41 with 
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APTS and TPED, the intensity of the diffraction patterns decreased. The reduction in the intensity of the peaks is 
caused by pore filling with grafting with APTS and TPED [25].  This implies that after grafting MCM-41 with 
APTS and TPED it gave rise to less ordering in comparison to the parent MCM-41.  The d-spacing of APTS and 
TPED grafted MCM-41 was 2.52 and 2.75 nm, respectively. The d spacing remained unchanged, indicating that the 
grafting step did not cause any structural damage. 
The small angle X-ray scattering (SAXS) was used to monitor the stability of the grafted supports. SAXS 
patterns of SBA-15 (Fig 1, representative diffractogram) shows three well resolved peaks that are indexed as (10), 
(11) and (20) which are associated with p6mm 2D hexagonal periodicity of the cylindrical pore array in the SBA-15 
[26]. Grafting SBA-15 with APTS and TPED resulted in a decrease in intensity of higher order peaks indexed at 
(11) and (20). The d-spacing of SBA-APTS and SBA-TPED was remained unchanged after grafting. The position of 
the main peak indexed at (10) remained unchanged indicating that the structure of SBA-15 was not compromised 
during the functionalization step. 
 
 
 
Figure 1: XRD MCM-41-TPED and SAXS of grafted SBA-15-TPED 
 
 
The N2 isotherms and pore size distributions were calculated by DFT (Table 1). MCM-41 material displayed type 
IV isotherm according to the IUPAC classification. MCM-41 silicas prepared displayed microporosity at low 
pressures. SBA-15 exhibited a typical type IV isotherm with H1 hysteresis loops according to the IUPAC 
classification.  The steep increase observed in the relative pressure range of 0.6-0.8 may be attributed to the capillary 
condensation of N2 into the mesopores of SBA-15. SBA-15 isotherm shows a hysteresis loop with parallel and 
almost vertical branches, which is characteristic of materials with a well-defined cylindrical like shape. The 
sharpness of the adsorption branch is indicative of the narrow pore size distribution of mesopores that is evident in 
the pore size distribution plot [27].  
Amorphous silica gel displayed a type IV N2 isotherm with a hysteresis loop that was indicative of mesopores. 
The volume of N2 absorbed steadily increased at relative pressure (P/Po) indicating capillary condensation of N2 
within the mesopores. The adsorption/desorption branches are almost parallel, indicating the uniformity of pores of 
silica gel. 
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Table 1: Textural properties of the modified materials with APTS and TPED and its parent supports 
Sample Surface 
area 
(m2/g) 
Pore 
volume 
(cc/g) 
Pore 
size 
(nm) 
d- 
spacinga 
(nm) 
ao
b 
(nm) 
Wall 
thicknessc 
(nm) 
N 
contentd 
(wt %) 
Tether loading 
(#tethers/nm2) 
MCM-41 1211 1.3 4.4 2.75 3.31 1.09 - - 
MCM-41-APTS 631 0.5 2.9 2.52 3.17 0.27 3.21 3.3 
MCM-41-TPED 632 0.6 3.9 2.75 3.31 0.59 4.42 3.3 
SBA-15 1024 1.3 7.6 10.01 11.56 3.96 - - 
SBA-15-APTS 405 0.6 6.2 9.94 11.48 5.28 4.11 5.4 
SBA-15-TPED 222 1.5 6.8 10.01 11.56 4.77 4.40 9.5 
SG 445 0.9 8.6 - - - - - 
SG –APTS 405 0.6 6.2 - - - 2.52 3.7 
SG –TPED 202 0.4 7.0 - - - 3.61 9.5 
a d spacing d(100) = n λ = 2d sin; b ao = 2d(100)/√3, c W = ao - Pore size, d N content: elemental analysis  
 
 
Table 2 shows the summary of the TG profiles of the MCM-41, SBA-15 and silica gel modified with APTS and 
TPED. The decomposition profiles of modified materials were changed considerably after grafting with APTS and 
TPED. The initial weight loss at the isothermal step (<150 oC) observed in all the samples due to the removal of the 
physisorbed water.  The second weight loss step which is consisting of two overlapped steps (11-20 %) at 150-600 
oC is attributed to the condensation of silanol groups. The two exothermic peaks are attributed to the decomposition 
of the terminal primary amine groups and the decomposition of the propyl chain. 
The distinct differences in the decomposition profiles of the parent support materials and the grafted support 
materials combined with the textural properties, suggest that grafting was carried out successfully.  
 
 
 Table 2: Summary of TG profiles of APS and TPED grafted sorbents. 
Sample %Weight loss   
< 150 oC                                150-600 oC 
MCM-41-APTS 2.8 11 
MCM-41-TPED 2.3 15 
SBA-15-APTS 2.5 15 
SBA-15-TPED 2.6 20 
SG-APTS 3.7 12 
SG-TPED 2.9 16 
 
 
The FT-IR spectra of mesoporous silica grafted with APTS and TPED show a strong absorbance band was 
observed around 1080 cm-1 which is due to the asymmetric stretching of Si-O-Si bonds.  Absorption bands at 1150 
and 940 cm-1 correspond to the asymmetric stretching and bending of Si–OH groups on the silica surface. The 
deformation stretching frequency of Si-O-Si was also visible at 460 cm-1. The broad bands observed around 3500 
cm-1 are due to surface silanols and pre-adsorbed water indicating the silica framework is hydrophilic.  Grafted 
MCM-41 with APTS and TPED, the intensity of Si-OH at 960 cm-1 band was decreased suggesting that some of the 
silanol groups were involved in the reaction. The spectrum of MCM-41 grafted with APTS and TPED also 
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displayed absorption at 3362, 3314 and 1576 cm-1. These bands may be attributed to asymmetric NH2 stretching, 
symmetric NH2 stretching and NH2 deformation of hydrogen bonded amino groups. C−H stretching at 2937 and 
2935 cm-1 of the propyl chain was also observed in the spectra of MCM-41-APTS and MCM-41-TPED, respectively 
[28,29]. A small band at 695 cm-1 for MCM-41-APS was possibly due to Si-C bond stretching (Figure 2).  
SBA-15 and amorphous SG grafted with APTS and TPED showed similar adsorption bands compared with 
grafted MCM-41. The appearance of new absorption bands after functionalization confirms that APTS and TPED 
were successfully grafted onto the mesoporous silicas used in this study. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: FT-IR spectra of APS and TPED grafted mesoporous silicas 
 
 
 
The CO2-TPD isotherms of mesoporous silicas and APTS and TPED grafted mesoporous silicas are shown in Fig 
3. All the CO2 isotherms were performed at 0 
oC. The shape of the isotherms obtained for APTS and TPED grafted 
MCM-41, SBA-15 and amorphous SG was found to be in good agreement with other isotherms reported in literature 
[30,31]. Steep uptake of CO2 was observed at low pressure followed by a gradual but steady increase as the pressure 
increases. The steep uptake of CO2 experienced by the organosilane grafted mesoporous silicas is caused by the 
chemical reaction with the amine groups and CO2 molecules, resulting in chemisorbed CO2. Carbon dioxide reacts 
with two amine groups that form a zwitterion carbamate (CO2/amine = 0.5). A further increase beyond the “knee” of 
the steep uptake region at low pressure, i.e. from 0.1-1 atm was due to physisorbed CO2.  The adsorption capacity 
for the modified adsorbents silica, SBA-15 and MCM-41 were increased from 50, 79.9 and 117 μmol/g to 697 and 
469 μmol/g, to 553 and 461 μmol/g, and to 503 and 500 μmol/g after grafting of APTS and TEPD linkers, 
respectively. 
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Figure 3: CO2 isotherms of mesoporous silicas grafted with APS and TPED at 0 oC 
 
4. Conclusion 
 
Different supports viz. silica gel, MCM-41 and SBA-15 were functionalized by grafting organic aminosilanes by 
direct condensation and hydrolysis methods. The amine modified silicates chemically bind to acidic CO2 molecules 
at low temperatures. The adsorptive capabilities of these materials were increased by tailoring the materilas’ surface 
with two suitable amine silane linkers, viz. (3-aminopropyl)trimethoxysilane (APTS) and N-[3-
(trimethoxysilyl)propyl]-ethylenediamine (TEPD). 
The resulted adsorbents were characterized, by physical, elemental analysis, and spectroscopic techniques. The 
surface and physiochemical properties of the adsorbents were characterized by N2 adsorption–desorption, FT-IR 
and TGA analyses which confirmed the presence of the amine functionalities and estimate the percentage amine 
loading. XRD revealed that the highly ordered structures of the solid adsorbents were not compromised during 
chemical modification. Textural properties studied revealed that functionalization occurred with changes in surface 
area, pore volume and pore diameters. Amine modified solid materials were then subjected to Temperature 
Programmed Desorption (TPD) studies in order to determine the adsorption capacities. The adsorption capacity for 
the modified adsorbents silica, SBA-15 and MCM-41 were increased from 50, 79.9 and 117 μmol/g to 697 and 469 
μmol/g, to 553 and 461 μmol/g, and to 503 and 500 μmol/g after grafting of APTS and TEPD linkers, respectively. 
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